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Introduction {#iid3213-sec-0005}
============

In allergic diseases, the balance among the subsets of effector CD4^+^ T cells and regulatory T (Treg) cells plays a crucial role in controlling pathological conditions. Inappropriate expansion of T‐helper (Th) type 2 cells in response to allergens results in atopic sensitization and allergic diseases [1](#iid3213-bib-0001){ref-type="ref"}, [2](#iid3213-bib-0002){ref-type="ref"}, [3](#iid3213-bib-0003){ref-type="ref"}. Th2‐associated cytokines, including interleukin (IL)‐4, ‐5, and ‐15, promote the production of IgE to allergens and other chemical mediators, which are responsible for subsequent hypersensitivity reactions. The polarization of naive CD4^+^ T cells into functionally distinct subsets upon antigen stimulation depends on many parameters, including the status of cells and cytokines in the microenvironment [4](#iid3213-bib-0004){ref-type="ref"}, [5](#iid3213-bib-0005){ref-type="ref"}. Development of each subset of CD4^+^ T cells is mutually exclusive, and IFN‐γ, a Th1‐associated cytokine, is thought to inhibit the development of Th2 pathologies in Th1 dominance [6](#iid3213-bib-0006){ref-type="ref"}. Recent studies have shown that Treg cells contribute to maintaining healthy immune responses to allergens by suppressing several immune responses, including proliferation of antigen‐specific T‐helper cells and innate effector cells, and by producing Th1‐ and Th2‐associated cytokines [7](#iid3213-bib-0007){ref-type="ref"}, [8](#iid3213-bib-0008){ref-type="ref"}.

Collagen is one of the major constituents of the extracellular matrix. Heat‐denatured collagen, referred to as gelatin, is widely used in foods and pharmaceuticals. Collagen peptides, prepared by partially hydrolyzing gelatin, have been used as a food supplement to improve joint disorders and skin conditions [9](#iid3213-bib-0009){ref-type="ref"}, [10](#iid3213-bib-0010){ref-type="ref"}. Collagen and its derivatives specifically contain hydroxyproline (Hyp), an imino acid formed by post‐translational hydroxylation of proline residues. Peptides containing Hyp are relatively resistant to digestion by digestive enzymes and protein‐degrading enzymes in the circulatory system; therefore, collagen‐derived oligopeptides remain in circulation after ingestion of collagen peptides [11](#iid3213-bib-0011){ref-type="ref"}. Among these peptides, prolylhydroxyproline (Pro‐Hyp) is a major constituent of collagen‐derived peptides and has been shown to have some physiological activities [12](#iid3213-bib-0012){ref-type="ref"}, [13](#iid3213-bib-0013){ref-type="ref"}. For example, it enhances the growth and hyaluronic‐acid production of skin fibroblasts [14](#iid3213-bib-0014){ref-type="ref"}, [15](#iid3213-bib-0015){ref-type="ref"}, promotes differentiation of osteoblastic cells [16](#iid3213-bib-0016){ref-type="ref"}, and suppresses mineralization in chondrocytes [17](#iid3213-bib-0017){ref-type="ref"}. Hydroxyprolylglycine (Hyp‐Gly) is also found in human blood at relatively high concentrations after oral administration of collagen peptides and has been shown to stimulate the growth of skin fibroblasts [18](#iid3213-bib-0018){ref-type="ref"} and promote myoblast differentiation and myotube hypertrophy [19](#iid3213-bib-0019){ref-type="ref"}.

The involvement of collagen‐derived peptides in inflammatory disease is suggested by the observation that both endogenously­ generated and orally administrated Pro‐Hyp are deposited at local inflammatory sites in a murine contact‐dermatitis model [20](#iid3213-bib-0020){ref-type="ref"}. Collagen‐derived oligopeptides, including Pro‐Hyp, have also been shown to exert chemotactic activities on fibroblasts [21](#iid3213-bib-0021){ref-type="ref"}, neutrophils [22](#iid3213-bib-0022){ref-type="ref"}, and monocytes [23](#iid3213-bib-0023){ref-type="ref"}, all of which play important roles in inflammation and wound healing. Indeed, supplemental ingestion of collagen peptides has been shown to suppress ultraviolet‐induced skin damage and erythema in mice and humans [24](#iid3213-bib-0024){ref-type="ref"}, [25](#iid3213-bib-0025){ref-type="ref"} and to promote wound healing in rats and humans [26](#iid3213-bib-0026){ref-type="ref"}, [27](#iid3213-bib-0027){ref-type="ref"}, [28](#iid3213-bib-0028){ref-type="ref"}. It has also been demonstrated that ingestion of collagen peptides improves human immunological status as assessed by 14 immunological parameters, suggesting that collagen peptides or their derivatives modulate immune responses and functions [29](#iid3213-bib-0029){ref-type="ref"}.

The present study examined the effects of collagen‐peptide ingestion on immune and allergic responses and found that oral administration of collagen peptides reduced the production of antigen‐specific IgE and anaphylaxis responses in a murine anaphylaxis model. This study also demonstrated that Pro‐Hyp and Hyp‐Gly promoted the development of CD4^+^ T cells toward Th1 and Treg cells in vitro, which is thought to contribute to reducing immune responses mediated by Th2.

Materials and Methods {#iid3213-sec-0006}
=====================

Chemicals and reagents {#iid3213-sec-0007}
----------------------

Pro‐Hyp and Hyp‐Gly were obtained from Bachem (Bubendorf, Switzerland). IFN‐γ, IL‐4, and TGF‐β were purchased from R&D Systems (Minneapolis, MN, USA). Ovalbumin (OVA) was purchased from Sigma‐Aldrich (St. Louis, MO, USA).

Animal experiments {#iid3213-sec-0008}
------------------

BALB/c and C57BL/6 mice were purchased from Japan SLC (Hamamatsu, Japan) and maintained under specific pathogen‐free conditions in the animal facility of Kitasato University. The mice were housed in individual cages under a 12‐h/12‐h light‐dark cycle at 23 ± 5°C throughout the experimental period. The mice were divided into two groups (control and collagen) and fed a diet based on AIN‐93M (powdered form; Oriental Yeast; Tokyo, Japan), which contained only casein as a protein source. The control feed contained 18% casein, and the collagen‐peptide feed contained 14% casein and 3.08% collagen peptides, substituting on an equal nitrogen basis. To equalize protein administration among the animals, food intake was moderately restricted to approximately 90% of free‐feeding weight. Mice (age 4 weeks) were fed 3.0 g/day on days 1--3, 3.5 g/day on days 4--7, 4.0 g/day on days 8--17, and 4.5 g/day after day 18. Water was provided ad libitum. Mice with free access to a standard diet and water were used in the experiments of in vitro T‐cell differentiation and signal transduction. All animal protocols were approved by the Animal Care and Use Committee of Kitasato University (No. 1711).

OVA‐induced allergy model {#iid3213-sec-0009}
-------------------------

BALB/c mice were injected intraperitoneally with 10 μg of OVA in 100 μL of PBS mixed with 200 μL of Imject‐Alum (Thermo Fisher Scientific; Waltham, MA, USA) on days 7, 14, and 21 of either control or collagen feeding. Serum was collected from the tails 5 days after the last immunization, and total and OVA‐specific immunoglobulin were measured using enzyme‐linked immunosorbent assay (ELISA). Active cutaneous anaphylaxis was induced as described previously [30](#iid3213-bib-0030){ref-type="ref"}. Briefly, 7 days after the last injection, mice were challenged by intradermal injection of 30 μg of OVA in PBS to the right ear and PBS alone to the left ear. Ear thickness was measured with an engineer\'s micrometer (Ozaki MFG; Tokyo, Japan) 30 min after this challenge.

ELISA for antibodies {#iid3213-sec-0010}
--------------------

Levels of total immunoglobulin E (IgE) and immunoglobulin G (IgG) were measured with a mouse IgE and IgG ELISA quantitation set (Bethyl Laboratories; Montgomery, TX, USA), respectively, according to the manufacturer\'s instructions. To measure OVA‐specific IgG levels, the wells of Nunc MaxiSorp immunoplates (Thermo Fisher Scientific) were coated with 5 μg/mL of OVA in 50 mM of carbonate buffer (pH 9.5). After blocking with Tris‐buffered saline (TBS; 20 mM of Tris‐HCl, 150 mM of NaCl, pH 7.5) containing 5% skim milk, test samples diluted in TBST (TBS supplemented with 0.05% Tween‐20) were added. Bound IgG was detected with peroxidase‐conjugated anti‐mouse IgG antibody (Southern Biotech; Birmingham, AL, USA) and 3,3′,5,5′‐tetramethylbenzidine (TMB) substrate (Vector Laboratory; Burlingame, CA, USA). To measure OVA‐specific IgE levels, the wells were coated with 200 μg of OVA. After blocking and sample treatment, bound IgE was detected with biotinylated anti‐mouse IgE and peroxidase‐conjugated streptavidin. The levels of OVA‐specific IgG and IgE were estimated by comparison with serum from hyper‐immunized mice, namely BALB/c mice immunized with three doses of OVA mixed with Imject‐Alum. The OVA‐specific IgG and IgE levels of this hyper‐immunized serum were estimated as 5 × 10^7^ and 1 × 10^3^ units/mL, respectively.

Cell cultures for cytokine production {#iid3213-sec-0011}
-------------------------------------

BALB/c mice were immunized with 10 μg of OVA mixed with Imject‐Alum on day 7 of either control or collagen feeding. Splenocytes were isolated from mice 10 days after immunization, cultured in medium (RPMI1640 with 10% FBS, 0.05 mM of 2‐mercaptoethanol, penicillin, and streptomycin) supplemented with 10 μg/mL of OVA at 2.5 × 10^6^ cells/mL, and cultured in a 24‐well plate (1 mL/well) for 3 days. Levels of cytokines in the supernatant were determined using a mouse Th1/Th2/Th17 cytokine kit (BD Biosciences; San Diego, CA, USA) and Mouse IL‐13 Flex Set (BD Biosciences).

In vitro differentiation of CD4^+^ T cells {#iid3213-sec-0012}
------------------------------------------

CD4^+^ T cells were isolated from the spleen and peripheral lymph nodes with a CD4^+^ T‐cell isolation kit (Miltenyi Biotec; Bergisch Gladbach, Germany) according to the manufacturer\'s instructions. To differentiate T‐helper cells, isolated cells were suspended in medium and cultured in 24‐well plates coated with anti‐CD3 (2c11; 1 μg/mL)/anti‐CD28 (37.51; 1 μg/mL) (1 × 10^6^ cells/well) in the presence or absence of 200 μM of peptides. This experiment used dialyzed FBS (Thermo Fisher Scientific) to avoid the effects of small peptides contained in the FBS. On day 4, differentiated cells were re‐stimulated with plate‐bound anti‐CD3 for 8 h in the presence of 10 μg/mL of brefeldin A (Sigma--Aldrich) during the final 2 h of the culture. Re‐stimulated cells were fixed in 4% paraformaldehyde, permeabilized in PBS containing 0.5% saponin, stained with fluorescein isothiocyanate (FITC)‐conjugated anti‐IFN‐γ (XMG1.2) and phycoerythrin (PE)‐conjugated anti‐IL‐4 (11B11), and analyzed on a flow cytometer (Gallios; Beckman Coulter; Brea, CA, USA). To induce Treg cells, CD4^+^ T cells (1 × 10^6^ cells/well) were cultured with or without 200 μM of peptides or free amino acids in 24‐well plates coated with anti‐CD3 and anti‐CD28 in the presence of TGF‐β1 (1 ng/mL) and anti‐IFN‐γ (1 μg/mL) for 5 dayd. Cells were stained for intracellular Foxp3 using the anti‐mouse/rat Foxp3 staining set APC (Thermo Fisher Scientific) and analyzed using flow cytometry.

Reverse transcription (RT)‐PCR {#iid3213-sec-0013}
------------------------------

Total RNA was extracted from naive CD4^+^ T cells using Trizol reagent (Thermo Fisher Scientific) and then treated with DNase I. RNA (1 μg) was reversely transcribed using the PrimeScript RT reagent Kit (Takara Bio; Shiga, Japan). Fetal mouse cDNA (day 10.5) was purchased from Wako Pure Chemical (Osaka, Japan). Each cDNA was amplified by polymerase chain reaction (PCR) using rTaq polymerase (Toyobo; Osaka, Japan) at 94°C for 1 min, followed by 35 cycles at 94°C for 30 sec, 60°C for 30 sec, and 72°C for 1 min. The PCR primer pairs were as follows: *pept1* (forward primer 5′‐tcacagaccacgaccacaat‐3′ and reverse primer 5‐ccccgttgatagccaaataa‐3′); *pept2* (forward primer 5′‐atcctgcagtgcattgtgaa‐3′ and reverse primer 5′‐ctgctgctgtaaccaggaca‐3′); *pht1* (forward primer 5′‐ccgtgttcttggctctgatt‐3′ and reverse primer 5′‐ccaccagcttgtccttcagt‐3′); and *Ci1* (forward primer 5′‐gttgcggtgatcctgattct‐3′ and reverse primer 5′‐agctgaggcactgtctggtt‐3′).

Immunoblot analysis {#iid3213-sec-0014}
-------------------

Analysis of the activation of signal transducer and activator of transcription (STAT) 1 and STAT6 was performed as previously described [31](#iid3213-bib-0031){ref-type="ref"}, with slight modifications. Briefly, CD4^+^ T cells from BALB/c mice (for STAT1 activation) or C57BL/6 (for STAT6 activation) were stimulated with plate‐bound anti‐CD3 (0.5 μg/mL) in the presence of anti‐IFN‐γ (1 μg/mL, for STAT1 activation) or anti‐IL‐4 (1 μg/mL, for STAT6 activation) for 2 h. The cells were washed with PBS, suspended in RPMI1640 medium, and stimulated with recombinant IFN‐γ (250 U/mL) or IL‐4 (1 U/mL). Pro‐Hyp peptide or free amino acids indicated in the figure were added at a concentration of 200 μM throughout the course of the experiment. Cell lysates were subjected to immunoblotting with anti‐phospho STAT1 (Cell Signaling Technology; Beverly, MA, USA), anti‐STAT1 (Cell Signaling Technology), anti‐phospho STAT6 (Cell Signaling Technology), and anti‐STAT6 (BD Biosciences).

In vitro suppression assay {#iid3213-sec-0015}
--------------------------

CD25^+^ cells were magnetically sorted with MACS system from BALB/c CD4^+^ T cells cultured in the Treg condition in the presence or absence of 200 μM Pro‐Hyp and used as Treg cells. CD4^+^ T cells isolated from spleen and peripheral lymph nodes of BALB/c mice were labeled with 1 μM carboxyfluorescein diacetate succinimidyl ester (CFSE). Labeled CD4^+^ T cells (5 × 10^6^ cells) were cultured with or without Treg cells in 96‐well round bottom plate with anti‐CD3 (1 μg/mL) and anti‐CD28 (1 μg/mL). After 48 h, proliferation of CD4^+^ T cells was analyzed by FACS for dilution of CFSE.

Statistical analysisDifferences between two groups were analyzed using a one‐tailed Student\'s *t*‐test. Comparisons among more than two groups were performed using a Kruskal--Wallis test followed by a Dunn\'s multiple‐comparison test.

Results {#iid3213-sec-0016}
=======

Oral administration of collagen peptides reduced antigen‐specific IgE production and anaphylaxis reactions {#iid3213-sec-0017}
----------------------------------------------------------------------------------------------------------

During the experimental period, mice kept on the feeding procedure described above showed normal growth. No differences in growth rate and water intake were found between the two groups of animals (Fig. S1). After 1, 2, and 3 weeks of casein or collagen feeding, the mice were intraperitoneally injected with OVA in Alum. Serum was collected 5 days after the last immunization, and total and OVA‐specific IgE and IgG were measured. The OVA‐specific IgE level in the collagen group was significantly lower than that in the control group, although the total IgE level was comparable between the two groups (Fig. [1](#iid3213-fig-0001){ref-type="fig"}). Both the total and OVA‐specific IgG levels were unaffected by collagen‐peptide feeding.

![Effects of collagen‐peptide administration on humoral immune responses. BALB/c mice fed a diet with or without collagen peptides were intraperitoneally injected with 10 μg of OVA and Alum at weeks 1, 2, and 3. Serum was collected from each mouse, and total and OVA‐specific IgE and IgG were measured using ELISA. Values are means ± SEM (*n* = 16) obtained by two independent experiments. \*\**P* \< 0.01.](IID3-6-245-g002){#iid3213-fig-0001}

The reduction in production of antigen‐specific IgE in the collagen group led us to examine whether collagen‐peptide administration can suppress allergic reactions in the active cutaneous anaphylaxis model. Mice were immunized as described above and challenged subcutaneously in the ear with OVA 7 days after the last immunization. Collagen‐peptide administration significantly reduced ear swelling, indicating that collagen peptides have an inhibitory effect on allergic reactions (Fig. [2](#iid3213-fig-0002){ref-type="fig"}).

![Suppression of anaphylaxis by collagen‐peptide administration. BALB/c mice were fed and immunized as described in Figure [1](#iid3213-fig-0001){ref-type="fig"}. Mice were subcutaneously challenged using OVA dissolved in PBS (right ear) and PBS alone (left ear) 7 days after the last immunization. Ear thickness was measured 30 min after challenge. Values are means ± SEM (*n* = 8). Representative data of two independent experiments were shown. \**P* \< 0.05.](IID3-6-245-g003){#iid3213-fig-0002}

Oral feeding of collagen peptides favors Th1 cytokine secretion {#iid3213-sec-0018}
---------------------------------------------------------------

To examine whether the administration of collagen peptides modulates immune responses, we collected splenocytes from control or collagen‐fed mice 10 days after the primary immunization, cultured the cells in the presence of OVA, and measured the cytokine levels in the supernatant. As Figure [3](#iid3213-fig-0003){ref-type="fig"} shows, collagen‐peptide feeding significantly enhanced IFN‐γ secretion by splenocytes compared to the amount secreted by the control group (Fig. [3](#iid3213-fig-0003){ref-type="fig"}). Secretion of IL‐10 was also enhanced in the collagen group but to a degree that was not statistically significant. In contrast, ingestion of collagen peptide did not affect the secretion of type 2 cytokine, such as IL‐13. Production of IL‐4 and IL‐17A was not sufficient to enable analysis of the difference between the two groups. Collagen‐peptide feeding did not significantly affect secretion of IL‐2, IL‐6, or TNF. These data suggested that collagen peptides have the potential to modulate the Th1/Th2 balance toward a Th1‐dominant state, because IFN‐γ is one of the key cytokines inducing Th1‐dominant immunity.

![Effects of collagen‐peptide administration on cytokine production by splenocytes. BALB/c mice fed a diet with or without collagen peptides were intraperitoneally injected with 10 μg of OVA and Alum. Splenocytes were collected 10 days after the injection and cultured with 10 μg/ml of OVA for 72 h before cytokine levels in culture supernatants were determined. Values are means ± SEM (*n* = 6). Representative data of two independent experiments were shown. \**P* \< 0.05.](IID3-6-245-g004){#iid3213-fig-0003}

Collagen‐derived dipeptides skew CD4^+^ T‐cell development toward Th1 by enhancing STAT1 signaling {#iid3213-sec-0019}
--------------------------------------------------------------------------------------------------

After ingesting collagen peptides, a considerable amount of Hyp is absorbed and accumulated in the blood as various forms of oligopeptides, including Pro‐Hyp and Hyp‐Gly, which are known to have several physiological activities. It has been thought that these oligopeptides interact with their effector molecules after incorporation into cells through proton‐coupled active transporters, including peptide transporter (PEPT) 1, PEPT2, peptide/histidine transporter (PHT) 1, and Ci1 (PHT2 in humans) [32](#iid3213-bib-0032){ref-type="ref"}. RT‐PCR analysis showed that *Pept2*, *Pht1*, and *Ci1* were expressed in naive CD4^+^ T cells (Fig. S2), suggesting their ability to use oligopeptides. To examine the effects of these collagen oligopeptides on the development of T‐helper cells, we stimulated CD4^+^ T cells with anti‐CD3 and anti‐CD28 in the presence of Pro‐Hyp or Hyp‐Gly peptides and measured the expression of IL‐4 and IFN‐γ. As expected from the in vivo experiments, significantly higher frequencies of Th1 cells (IFN‐γ^+^) and lower frequencies of Th2 cells (IL‐4^+^) were detected in CD4^+^ T cells stimulated in the presence of Pro‐Hyp or Hyp‐Gly peptides compared to CD4^+^ T cells stimulated in the absence of peptides (Fig. [4](#iid3213-fig-0004){ref-type="fig"}A). The control peptide glycylglycine (Gly‐Gly) also slightly modulated differentiation into Th1 or Th2 cells compared to the no‐peptide group, but to a degree that was not statistically significant. In agreement with these results, CD4^+^ T cells stimulated with anti‐CD3 and anti‐CD28 in the presence of Pro‐Hyp or Hyp‐Gly have been shown to produce significantly higher levels of IFN‐γ (Fig. [4](#iid3213-fig-0004){ref-type="fig"}B). Production of IL‐4 was reduced in the presence of Pro‐Hyp or Hyp‐Gly, although the difference was not statistically significant. These results indicated that the presence of collagen‐derived dipeptides skews Th1/Th2 differentiation toward Th1.

![Effects of collagen‐derived dipeptides on the differentiation of T‐helper cells. (A) Production of IFN‐γ and IL‐4 by BALB/c CD4^+^ T cells stimulated with plate‐bound anti‐CD3 and anti‐CD28 in the presence or absence of 200 μM of Pro‐Hyp (PO), Hyp‐Gly (GO), or Gly‐Gly (GG). Cells were re‐stimulated with plate‐bound anti‐CD3 on day 4 and subjected to intracellular cytokine staining followed by flow cytometry. Numbers in quadrants indicate percent of cells in each. The graph shows the percentage of CD4^+^ T cells differentiated into Th1 and Th2 (*n* = 5). (B) BALB/c CD4^+^ T cells stimulated with plate‐bound anti‐CD3 and anti‐CD28 in the presence or absence of 200 μM of indicated peptides for 3 days, and then cytokine levels in culture supernatants were determined (*n* = 3). Values are means ± SEM. Representative data of at least two independent experiments were shown. \**P* \< 0.05.](IID3-6-245-g005){#iid3213-fig-0004}

To explore the mechanism by which collagen‐derived dipeptides enhance the development of Th1 cells, we analyzed the effects of these peptides on the signaling events induced by IFN‐γ. We pre‐activated CD4^+^ T cells with immobilized anti‐CD3 in the presence or absence of the Pro‐Hyp peptide for 4 h and then stimulated them with IFN‐γ. The Pro‐Hyp treatment slightly but clearly enhanced the STAT1 phosphorylation at 10 min after stimulation of IFN‐γ (Fig. [5](#iid3213-fig-0005){ref-type="fig"}A). However, the addition of free Pro and Hyp did not show such an effect (Fig. [5](#iid3213-fig-0005){ref-type="fig"}B). We detected no clear difference in STAT6 phosphorylation induced by IL‐4 in the presence or absence of Pro‐Hyp peptide when CD4^+^ T cells from Th1‐prone C57BL/6 mice were analyzed under similar conditions (Fig. [5](#iid3213-fig-0005){ref-type="fig"}C). These results suggest that Pro‐Hyp incorporated into CD4^+^ T cells enhances the events of STAT1 signaling, resulting in the promotion of Th1 differentiation.

![Effects of collagen‐derived dipeptides on cytokine‐induced STAT signaling. (A and B) BALB/c CD4^+^ T cells pre‐activated for 2 h with immobilized anti‐CD3 in the presence or absence of 200 μM of (A) Pro‐Hyp (PO) or (B) free Pro and Hyp (P + O) were stimulated with IFN‐γ, and phosphorylation of STAT1 was analyzed using immunoblotting. (C) C57BL/6 CD4^+^ T cells pre‐activated with immobilized anti‐CD3 in the presence or absence of 200 μM Pro‐Hyp were stimulated with IL‐4, and phosphorylation of STAT6 was analyzed using immunoblotting. The density value of each band was expressed as the phosphorylated versus total protein after normalization of the 0‐min value of "no peptide" to an arbitrary unit of 1. Similar results were obtained at least two independent experiments.](IID3-6-245-g006){#iid3213-fig-0005}

Collagen‐derived dipeptides promote development of Treg cells {#iid3213-sec-0020}
-------------------------------------------------------------

Although the difference was not significant, ingesting collagen peptides promoted production of antigen‐induced IL‐10 by splenocytes (Fig. [3](#iid3213-fig-0003){ref-type="fig"}). IL‐10 has potential immunosuppressive capacity and is known to be produced by Treg cells. We examined whether collagen‐derived dipeptides promote the generation of Treg cells. Pro‐Hyp promoted the differentiation of Foxp3^+^ Treg cells when naive CD4^+^ T cells were stimulated using anti‐CD3, anti‐CD28, and TGF‐β. The effect was dose‐dependent, reaching maximal levels at 200 μM (Fig. [6](#iid3213-fig-0006){ref-type="fig"}A). A similar effect was observed with Hyp‐Gly, while the development of Treg cells was not affected by the addition of Gly‐Gly or free Pro and Hyp (Fig. [6](#iid3213-fig-0006){ref-type="fig"}B). CD4^+^CD25^+^ cells differentiated in the presence of Pro‐Hyp had potent suppressive function in vitro and produced equivalent levels of IL‐10 in response to anti‐CD3 and anti‐CD28 stimulation compared to those differentiated without dipeptide (Fig. S3). These results indicated that the uptake of Hyp‐containing dipeptides promoted antigen‐induced Treg development.

![Effects of collagen‐derived dipeptides on the differentiation of Treg cells. (A) Naive BALB/c CD4^+^ T cells were stimulated with plate‐bound anti‐CD3/CD28 and TGF‐β under the indicated concentrations of Pro‐Hyp (PO), and the percentage of CD4^+^Foxp3^+^CD25^+^ Treg cells was analyzed using flow cytometry (*n* = 3). (B) Naive CD4^+^ T cells were stimulated as in (a) in the presence of 200 μM of Pro‐Hyp (PO), Hyp‐Gly (OG), Gly‐Gly (GG), and free Pro and Hyp (P + O) and analyzed using flow cytometry. Numbers in plots indicate the percentage of Foxp3^+^/CD25^+^ cells. The graph shows the percentage of CD4^+^Foxp3^+^CD25^+^ Treg cells (*n* = 4). Values are means ± SEM. Representative data of at least two independent experiments were shown. \**P* \< 0.05, \*\**P* \< 0.01.](IID3-6-245-g007){#iid3213-fig-0006}

Discussion {#iid3213-sec-0021}
==========

The present study demonstrated that intake of collagen peptides reduced allergic reactions mediated by IgE in an OVA‐induced active anaphylaxis model. This may be partly due to enhancement of STAT1 signaling in CD4^+^ T cells that incorporated collagen‐derived oligopeptides, including Pro‐Hyp and Hyp‐Gly, which resulted in predominant Th1‐type cytokine secretion. The Hyp‐containing peptides also promoted antigen‐induced generation of Treg cells. These results indicated that collagen peptides or their derivatives have the potential to skew antigen‐primed CD4^+^ T cells toward Th1 and Treg, which suppress the development of Th2 cells and Th2‐mediated allergic responses.

Recent evidence has emphasized the importance of Treg cells in maintaining immune homeostasis, including Th2 responses [7](#iid3213-bib-0007){ref-type="ref"}, [8](#iid3213-bib-0008){ref-type="ref"}. We have shown that treating naive CD4^+^ T cells with Pro‐Hyp or Hyp‐Gly under Treg‐polarizing conditions enhanced the development of Foxp3^+^ Treg cells. Naive CD4^+^ T cells are converted into Treg cells primarily in gut‐associated lymphoid tissues [33](#iid3213-bib-0033){ref-type="ref"}. These peripherally induced Treg cells play central roles in preventing inflammatory and allergic responses on mucosal surfaces. The immunosuppressive activities of intestinal Foxp3^+^ Treg cells are due at least in part to the secretion of IL‐10 [34](#iid3213-bib-0034){ref-type="ref"}, [35](#iid3213-bib-0035){ref-type="ref"}, which suppresses production of antigen‐specific IgE [36](#iid3213-bib-0036){ref-type="ref"} and inhibits mast cell and eosinophil activities [37](#iid3213-bib-0037){ref-type="ref"}, [38](#iid3213-bib-0038){ref-type="ref"}. In line with these findings, antigen‐induced IL‐10 production in splenocytes tends to be promoted by administration of collagen peptides. Interestingly, orally administrated Pro‐Hyp has been detected at the highest levels in the wall of the small intestine [39](#iid3213-bib-0039){ref-type="ref"}. Taken together, these results indicate that orally administrated collagen peptides may contribute to maintaining intestinal homeostasis and preventing allergic responses by promoting the induction of Treg cells in the gut.

Although the pathogenesis of allergic diseases cannot be explained simply by the Th1/Th2 paradigm, several lines of evidence have demonstrated that the Th1‐mediated immune response suppresses Th2 polarization and IgE production [40](#iid3213-bib-0040){ref-type="ref"}. IFN‐γ suppresses not only Th2 development but also Th2‐mediated effector functions that promote disease [41](#iid3213-bib-0041){ref-type="ref"}. Indeed, IFN‐γ and IL‐10 have been suggested as protecting allergic polysensitization in children [42](#iid3213-bib-0042){ref-type="ref"}. Thus, the reduction of allergic responses by collagen‐peptide ingestion observed in the present study may be partly due to skewing the Th1/Th2 balance in favor of Th1 and enhancing IFN‐γ production. Whole‐body radiography of rats has shown that orally administrated radiolabeled Hyp‐containing peptides (Pro‐Hyp and Gly‐Pro‐Hyp) accumulate in several organs, including the spleen, within 30 min of ingestion and are present at detectable levels for at least 24 h [39](#iid3213-bib-0039){ref-type="ref"}, [43](#iid3213-bib-0043){ref-type="ref"}. Since naive T cells are primed and develop into T‐helper cells in the spleen and other lymphoid organs, it is possible that the fate of CD4^+^ T cells is affected in collagen‐fed individuals, resulting in the promotion of differentiation into Th1 cells and IFN‐γ production.

It has been reported that collagen‐derived oligopeptides are transported into cells through peptide transporters, including PEPT and PHT proteins, and interact with effector proteins to modulate cellular signaling [19](#iid3213-bib-0019){ref-type="ref"}, [32](#iid3213-bib-0032){ref-type="ref"}, [44](#iid3213-bib-0044){ref-type="ref"}. The present study showed that Pro‐Hyp and Hyp‐Gly enhance IFN‐γ‐mediated STAT1 phosphorylation in pre‐activated CD4^+^ T cells, suggesting that these peptides have the potential to enhance Janus kinase (JAK)‐STAT signaling. In accordance with this finding, Pro‐Hyp has been shown to induce the phosphorylation of STAT3 in human dermal fibroblasts [45](#iid3213-bib-0045){ref-type="ref"}. Further studies are required to identify the receptors or target molecules for the peptides and elucidate the mechanism by which the peptides potentiate these intracellular signal transductions.

It has been demonstrated that collagen‐derived dipeptides and tripeptides are also generated endogenously at the sites of tissue damage and inflammation through degradation of collagen fibers [46](#iid3213-bib-0046){ref-type="ref"}. These oligopeptides are thought to act as so‐called danger signals, recruiting immune cells and fibroblasts to the site of inflammation and tissue injury. In inflammatory bowel disease and lung disease, proline‐glycine‐proline is produced by the combined action of matrix metalloproteinase and prolyl endoproteinase and exerts chemotactic activity for neutrophils [47](#iid3213-bib-0047){ref-type="ref"}, [48](#iid3213-bib-0048){ref-type="ref"}. Pro‐Hyp is generated in allergic contact dermatitis and can recruit and enhance the proliferation of skin fibroblasts, which contribute to wound healing [20](#iid3213-bib-0020){ref-type="ref"}. The present study indicated that collagen peptides generated at inflammation sites may control immune responses by modulating the balance of CD4^+^ T cells.

It has been reported that ingesting collagen peptides for eight weeks improved the immunological status of healthy Japanese men and women who had experienced daily tiredness and fatigue and improved their T‐cell parameters, including the number of T cells, memory T cells, CD8^+^CD28^+^ T cells, and the CD4/CD8 T‐cell ratio, suggesting that T‐cell function and development were modulated by collagen‐peptide ingestion [29](#iid3213-bib-0029){ref-type="ref"}. The present study indicated that ingestion of collagen peptides by mice skewed the balance of CD4^+^ T cells toward Th1 and Treg cells. Taken together, these studies suggest that ingesting collagen peptides modulates T‐cell function and development in vivo, improves immunological status, and/or suppresses allergic responses. However, further studies are required to elucidate the precise mechanisms of the effects of collagen‐peptide ingestion on immune functions.

In our in vitro experiments, the effects of Pro‐Hyp and Hyp‐Gly on skewing the CD4^+^ T‐cell balance toward Th1 and Treg cells were achieved at doses of 100--200 μM. This dose is physiologically relevant because approximately 100--140 μM of Hyp‐containing peptides have been reported as being detected in human plasma 2 h after ingestion of collagen peptide [12](#iid3213-bib-0012){ref-type="ref"}, [49](#iid3213-bib-0049){ref-type="ref"}. Furthermore, the U.S. Food and Drug Administration and other public organizations have recognized gelatin hydrolysate as safe [50](#iid3213-bib-0050){ref-type="ref"}. Overall, the present study suggested that collagen peptides seem to be a promising agent having both anti‐allergic and anti‐inflammatory actions in humans.
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**Figure S1**. Collagen peptide feeding did not affect mouse growth or water intake. Growth curve (A) and daily water intake (B) of mice fed with control diet and diet containing collagen peptide (n = 8). Values are means ± SEM.

**Figure S2**. Expression of peptide transporters in naive T cells. cDNA from naive BALB/c CD4^+^ T cells and fetus was amplified with PCR using specific primers for Pept1, Pept2, Pht1, and Ci1. Representative result of three independent experiments was shown.

**Figure S3**. Function of CD4^+^ CD25^+^ Treg cells differentiated in the presence of Pro‐Hyp peptide. (A) CD4^+^ CD25^+^ Treg cells differentiated with or without 200 μM Pro‐Hyp (PO) were incubated with CFSE labeled CD4^+^ T cells in the presence of anti‐CD3 and anti‐CD28. CFSEdilution was monitored by FACS 48 h after activation. The percentage of CFSE‐diluted are shown in the histograms. Quantitation data were shown in the graph (n = 3). (B) CD4^+^ CD25^+^ Treg cells differentiated with or without 200 μM Pro‐Hyp (PO) were stimulated with plate‐bound anti‐CD3 and anti‐CD28 for 3 days. IL‐10 produced in the culture supernatant was measured (n = 3). Values are means ± SEM.
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Click here for additional data file.
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